The purpose of this study was to analyze the rest-activity rhythm of type 2 diabetics mellitus (T2DM) and compare it to healthy controls using the nonparametric analytic approach. Twentyone diabetics and 21 healthy subjects matched for gender and age were recruited to participate in the study. Data were analyzed using the Independent t-test, Mann-Whitney U test, and Spearmans correlation. T2DM subjects demonstrate lower interdaily stability (IS) (p=.03), higher intradaily variability (p=.046) and lower rhythm amplitude (p=.02) when compared to healthy controls. Also, there was a positive correlation between IS and most active 10 hr (M10) in the average of 24 hours pattern (r =.44; p=.046) in the diabetes group and a negative correlation between IV and M10 in the healthy group (r =-.57; p=.007). These data together suggest that T2DM exhibits a dysfunction in the rest-activity rhythm due to alterations in the circadian function as well as in the homeostatic capacity to maintain sleep; mainly characterized by less consistency across days of the daily circadian signal, higher rhythm fragmentation and lower rhythm amplitude. Future approaches may be developed considering the influence of circadian glucose variations throughout the day on the coupling of the rest-activity rhythm to zeitgeber and rhythm fragmentation.
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INTRODUCTION
There are approximately 30.3 million individuals with diabetes in the United States, of whom 90% to 95% are classified as type 2 diabetes mellitus (T2DM) 1, 2 . The Centers for Disease Control and Prevention (CDC) have reported that sleep complaints have a high incidence rate in the U.S. diabetic population, and individuals with diabetes are more likely to have sleep impairments when compared to controls 2, 3 . According to Wild et al. 4 , the number of people diagnosed with T2DM will increase to 366 million by 2030, and countries such as China, India, the Middle East and sub-Saharan Africa will probably have the highest increase. It has estimated that the global prevalence of diabetes among adults has risen in recent years to about 422 million in 2014. High glucose levels were responsible for 1.5 million deaths in upper-middle income countries and 0.3 million in low-income countries 5 .
The main connection between type 2 diabetes and poor sleep has been attributed to impairments in metabolism of glucose and circadian variations of hormone levels [6] [7] [8] . Furthermore, glucose tolerance and insulin secretion are adjusted according to the sleep-wake cycle 9 . The normal glucose metabolic process is directly perturbed by inadequate sleep or a disruption of circadian rhythms 10, 11 . The circadian system functions to temporally organize the physiological processes of the body through specialized neural structures such as input pathways, which transmit signals such as light to the circadian master clock, that is the suprachiasmatic nucleus (SCN) of hypothalamus 12 . This master clock regulates the circadian rhythms in glucose, corticosteroids, leptin, and cardiovascular systems through the autonomic nervous system and humoral signs to the pancreas, liver, adrenal glands, adipose tissues, and heart 13 . These interactions allow for synchronization between the central and peripheral tissue clocks. Moreover, various clock genes also participate in the regulation of metabolic homeostasis 14 . For example, it has been shown that a disorder in the master clock may disrupt glucose metabolism 14 . Also, feeding time can entrain the intrinsic oscillation of clocks in liver cells, similar to what occurs in central oscillators in the brain when entrained by light 15 . These previous findings support the understanding that circadian and metabolic systems are reciprocally regulated 14, [16] [17] [18] . The risk of microvascular complications in patients with T2DM may be reduced by approaches that focus on maintaining good glycemic control 19, 20 . The American Diabetes Association (ADA) recommends maintaining HbA1c levels of less than 7%, since studies have shown that this approach reduces microvascular complications due to diabetes [21] [22] [23] . Therefore, measures that aim to improve glycemic control, such as improvement of sleep, are of great importance and studies that address the restactivity rhythm may help to identify what parameters of this rhythm is potentially influencing sleep fluctuations in diabetic patients, while also helping to recognize which approaches can be administered for sleep improvement in this population.
The rest-activity rhythm is commonly studied using actigraphy. The adjustment of a cosine function to actigraphic data provides parameters that have been used in circadian rhythmicity studies 24 . The parameters that describe rhythm characteristics include: amplitude, mesor, acrophase and period. However, as the rest-activity rhythm does not behave exactly as a cosine function, other variables have been studied and new methodologies have been developed 25 . Since these variables are not associated with parameters of a known function, they are called nonparametric.
This is the first study that aimed to analyze the rest-activity rhythm in subjects with T2DM and compare it to healthy individuals using the nonparametric approach.
METHODS Sample
A convenience sample of 25 diabetic subjects were recruited for the study. All subjects were ambulatory patients from Loma Linda University Medical Center. The healthy comparison group consisted of 21 healthy individuals matched for gender and age with the diabetes group. The study inclusion criteria consisted of subjects who had been diagnosed with diabetes for a year or longer. Exclusion criteria were: diagnosis of obstructive sleep apnea; neurological comorbidities such as Parkinson's and Alzheimer's disease; use of antidepressants or any other drug that may affect alertness or drowsiness (e.g., melatonin, antipsychotics, antidepressants, benzodiazepines, muscle relaxants); depression (a score of 17 and over was considered an indicator of the presence of the clinically significant depressive symptoms assessed by Beck's Depression Inventory); improper use of the actimeter device; incomplete sleep diaries kept by participants, and important changes in social routine during the week of data collection, including shift work. A total of four diabetic subjects were excluded from the study due to sleep apnea, severe depression as measured by Beck's Depression Inventory, and incorrect use of the actimeter device.
Procedures
The present study followed the World Medical Association Declaration of Helsinki for research involving human subjects 26 . Also, this study was approved by Loma Linda University's Institutional Review Board. All subjects were informed of the research procedures and signed an informed consent. The following demographic data were assessed: gender, age, weight and height, from which we calculated body mass index (BMI) (weight in kilograms divided by height in meters squared). The blood level of hemoglobin A1c (HbA1c) was measured using DCA Vantage TM Analyzer (Siemens ® , Malvern, PA, USA). HbA1c is the gold standard for monitoring glycemic control, and it reflects overall glucose levels over the past 2 to 3 months 21, 27 . For purposes of analysis, in order to assess whether different levels of glucose would influence circadian variables, subjects were classified in two subgroups according to HbA1c level. Subjects with HbA1c values less than 7% would be classified as "good glycemic control"; and subjects with HbA1c values equal or over 7% would be classified as "poor glycemic control" 28, 29 . The length of time since the initial diabetes diagnosis and the type of T2DM treatment were also recorded. Due to finance constraints, A1c levels were not assessed on the healthy comparison group.
Depression was assessed using Beck's Depression Inventory (BDI), which consists of 21 questions which evaluate the severity of depressive symptoms. The total score is a sum of all questions and range from 0-63. It is classified in four categories: "These ups and downs are considered normal" (1-10 points); "Mild mood disturbances" (11-16 points); "Borderline clinical depression" (17-20 points); "Moderate depression" (21-30); "Severe depression" (31-40 points); and "Extreme depression" (over 40 points) 30, 31 . Subjects were screened for risk of obstructive sleep apnea (OSA) through the Apnea Risk Evaluation System (ARES) questionnaire, which assesses demographic characteristics, diseases that are associated with risk for OSA (i.e., high blood pressure, heart disease, diabetes, or stroke), Epworth sleepiness scale, and a five-scale response to the frequency rating for snoring, waking up choking, and breathing difficulties during sleep. Scoring between 4 or 5 is considered low risk for OSA, 6 to 10 is considered high risk, and a score of 11 or more is very high risk 32 .
Rest-activity rhythm was measured in subjects' own homes using the Actiwatch 2 (Philips Respironics ® , Andover, MA, USA). Actimetry is a non-invasive method for the indirect evaluation of the sleep-wake cycle, recognized by the American Academy of Sleep Medicine as a helpful adjunct to clinically assess sleep disorders 33 . At the beginning of the data collection week, subjects were given the Actiwatch 2 device, instructions for its use, and a sleep log. It was advised to maintain their regular sleep-wake hours during the data collection week, avoiding caffeine, and alcohol to avoid masking of the rest-activity cycle.
Participants placed the device on their non-dominant wrist, and asked not to remove it during the 7-day data collection period. Subjects were asked to press a button on the Actiwatch 2 when they went to bed at night and when they got up in the morning; the device also has an ambient light monitor to assess the amount to Lux to which the subject has been exposed. Data on sleep and activity levels were primarily calculated using the Respironics Actiware 5.70.1 software (Philips Respironics ® , Andover, MA, USA) and recordings per minute for six complete days and seven nights were used for the analysis.
The raw activity counts were extracted and analyzed by the nonparametric approach 34 . This method of assessing restactivity circadian rhythm is composed of three main variables: interdaily stability (IS), which shows the relationship between the rest-activity rhythm and the zeitgeber (external time signaling stimuli); intradaily variability (IV), which represents the transitions between rest and activity; and amplitude (AMP), the difference between least active 5 h (L5) and most active 10 h (M10) patterns in an average 24 hour period, described previously by Van Someren et al. 34 . The calculations of each circadian variable were performed as follows:
Interdaily stability is described as the ratio between the variance of the average 24-hour pattern around the mean and the overall variance. The IS evaluates individual days to quantify the similarity of activity patterns. Higher values are indicative of rhythm stability, and have been reported to be in the 0.6 range in healthy adults 35, 36 . The formula for interdaily stability:
in which N is the total amount of data, p is the number of data per day; x¯h is the hourly means, x¯i represents the individual data points, and x¯ represents the mean of all days.
The interdaily variability ranges from 0 to 2; studies have shown that scores <1 are found in healthy adults. Rhythm fragmentation is characterized by higher values of IV. This variable is calculated as the ratio of the mean squares of the difference between successive hours and the mean squares around the grand mean, as shown below
Other variables were also analyzed from the Actiwatch 2: actual sleep time (the total number of epochs between the Start Time and the End Time of the given interval scored as SLEEP by Actiware software multiplied by the Epoch Length in minutes); % Sleep (Actual sleep time expressed as a percentage of the assumed sleep time); and wake after sleep onset (WASO, the total number of epochs between the Start Time and the End Time of the given Sleep Interval scored as WAKE by Actiware software multiplied by the Epoch Length in minutes).
Statistical analysis was performed using SPSS 21.0 software (Armonk, NY, USA). The Kolmogorov-Smirnov test was used to examine the distribution of the continuous variables. The independent t-test was used to compare groups in regards to mean of age, BMI, ARES score and BDI, as well as the differences in circadian variables, (which were followed by ANCOVA to control for risk of OSA), mean light exposure per minute, and average of all light in Lux. The Pearson's correlation test was applied to examine the intragroup correlation among circadian variables and HbA1c. The chisquare Fisher's exact test was used to compare proportions of males and females by group. Comparisons between subgroup of T2DM with HbA1c < 7% (good glycemic control) and HbA1c =7% (poor glycemic control) were assessed using the Mann-Whitney U test. Whereas the power of a study is defined as the ability that it has to demonstrate a statistically significant difference (or "Effect"), effect size was calculated using Cohen's d for comparisons between circadian variables among T2DM and healthy comparison group. The level of significance was set at p<.05.
RESULTS
The subjects' characteristics are shown in Table 1 . All diabetic subjects were on diabetic medication for disease control (61.9% and 38.1% for oral drug and insulin injection respectively). Among the oral medication included: metformin, sitagliptin, glyburide, glimepiride, glipizide and pioglitazone; administered once or twice daily. Injected medication included: regular insulin, insulin aspart, insulin glargine, insulin lispro and insulin determir. Diabetic subjects were under medication for diabetes control for 11.2 years on average. They have been diagnosed with T2DM for 11.7±9.6 years. HbA1c values were 7.7%±1.4 (38% for HbA1c < 7%; and 62% for HbA1c =7%). Significantly higher number of individuals with hypertension was found on the diabetic group compared to healthy comparison group (85.7% vs. 14.3%, p=.01).
In the analysis of the circadian variable of rest-activity rhythm, the diabetic group showed a significant decreased IS (.37±.04 vs. .40±.07; p=.03) (Figure 1, A) and a significant increased IV (.50±.05 vs. .45±.12; p=.046) in related to healthy individuals (Figure 1, B) . Additionally, diabetic subjects were significantly less active than the healthy comparison group, as shown by the result of M10 (298.3±72.2 vs. 370.1±114.0; p=.02) (Figure 1, C) and during the 5 hours of least activity, diabetic subjects had higher active counts when compared to healthy individuals (17.6±8.3 vs. 12.2±5.7; p=.02) (Figure 1, D) . Calculations from M10 and L5 demonstrated a significant lower amplitude of the rest-activity rhythm for the diabetic group (281.0±70.4 vs. 349.3±104.6; p=.02) (Figure 1, E) . Cohen's d calculation showed a medium effect for the circadian variables of IS and IV (d=.54 and d=.56 respectively); and a large effect for amplitude (d=.78).
We have found a positive correlation between IS and M10 (r=.44; p=.046) in the diabetic group, and a significant negative correlation between IV and M10 in the comparison group (r=-.57; p=.007). However, there was no significant correlation between IV and M10 in the diabetic group and IS and M10 in the comparison group (p>.05). We have investigated the precision of actigraphy data. First, we estimated the end activity time and the start activity time recorded by the Actiwatch; second, the sleep time and wake up time recorded by the sleep log, and the results are shown in Table 2 . Finally, we have studied the relation between the data from both instruments. We have found a significant correlation between the end activity time recorded by the Actiwatch and the sleep time recorded by the sleep log (r=.61; p<.001). Also, there was a strong significant correlation between the start activity time recorded by the Actiwacth and the wake-up time recorded by the sleep log (r=.96; p<.001).
When analyzing the actual sleep time on T2DM and healthy comparison group, it was found that it was shorter on the diabetic group compared to healthy individuals (320.9±66 vs. 361.82±56.9). The % Sleep was lower on the diabetic group (73.6% vs. 81.25%); and the WASO was higher in the T2DM group compared to healthy group (122.95±60.5 vs. 91.34±56.36). None of these variables were significantly different between group (p>.05).
Actograms on Figure 2 visually illustrates differences of the rest-activity rhythm between healthy and diabetic subjects. Figure 2A illustrates the actogram of a healthy individual compared with the actogram of a diabetic subject. The actogram in Figure 2B shows high instability between days. The subject in Figure 2C shows low amplitude of the activity rhythm, and Figure 2D illustrates fragmentation in a subject with frequent records of periods of rest and activity. Figure 3 , using raw actigraphy data, more closely illustrate differences between groups in regard to rhythm fragmentation and low rhythm amplitude. When analyzing HbA1c levels, there were no significant differences between subjects with HbA1c < 7% (good glycemic control) and subjects with HbA1c =7% (poor glycemic control) in the circadian variables (p>.05).
There were no significant differences in the sum of all light exposure (Lux multiplied by minute) and average of all valid light (Lux) from the start time to the end time of active interval between groups; however, the diabetic group was exposed to less light (424 654.1±263551.6 vs. 478 923.9±414 253.4; p=.61) (Figure 4) . Also, the amount of all valid light for the diabetic group was less than the healthy comparison group (477.5±297.2 vs. 531.7±431.1; p=.64) (Figure 4) .
DISCUSSION
This study suggests that T2DM individuals have less synchronization of rest-activity cycle with external zeitgebers and a more fragmentation of the rest phase. These were demonstrated by a lower IS, indicating less consistency across days of the daily circadian signal, a higher IV, showing greater variability within each 24-hour period; and also, by a lower amplitude in the T2DM group when compared to the healthy group. These data together suggest that T2DM exhibit a dysfunction in the rest-activity rhythm due to alterations in the circadian function, as well as in the homeostatic capacity to maintain sleep.
Previous studies also using similar non-parametric approach to assess the sleep-wake cycle were able to identify changes is circadian variables; also, associations between actigraphic variables and diabetic complications 34, 37 . A study by Kadono et al. 37 showed association between diurnal rest-activity rhythmicity and diabetes-related clinical status (including demographic, metabolic and neurovasculopathic factors). This study demonstrated that daytime and night-time activities were independently associated with the IV and IS. Differences in IS between T2DM and healthy comparison group was found in our study. The IS is indicative of the similarity of the activity pattern on different days. It can indicate the consistency of the daily circadian signal across days, also revealing the strength of its coupling master clock to stable zeitgebers. Typically, high values are indicative of a more stable rhythm, and were found to be around 0.6 for healthy adults 36, 38 . Our finding is in agreement with this result, as we observed lower values in IS for the diabetic group (.37±.04) compared to healthy comparison group (.42±.07) 38 . In regards to IV, the diabetic group showed significantly higher values when compared to healthy individuals, with higher IV values indicative of a more fragmented rhythm. Similar results were observed by Kadono et al. when assessing diabetic subjects across three stages of nephropathy, with higher values found in the proliferative diabetic retinopathy phase (.64±.05) 37 . Previous studies with T2DM individuals have shown that nocturia is a significant variable that is positively correlated with difficulty to maintain sleep 39 and it might contribute to increased IV in the diabetic population. Previous studies have described associations between sleep fragmentation with higher fasting glucose levels, insulin levels and reduced insulin sensitivity in patients with T2DM 40 . A study by Trento et al. suggests that sleep fragmentation, together with increase activity during sleep time and decrease sleep efficiency are related to the degree of glycemic control (HbA1c levels) 41 . Lower peak of physical activity and lower rhythm amplitude in T2DM were found in our study. Previous studies have suggested that the decreased activity level might be related to motor impairments, such as a study conducted by Whitehead et al. 42 with Parkinson's patients and previous analysis of stroke patients 43 . It has been suggested that such changes in the amplitude negatively impact the quality of life of these individuals 43 . Also, motor alterations among stroke patients could be influencing the expression of this variable, considering that physical activity and exercise has been shown to influence synchronization of peripheral oscillators 44 . Lower levels of physical activity and low rhythm amplitude found in T2DM might be related to increased sedentary activity commonly found in these individuals.
Another finding suggesting alteration of the circadian rhythm in T2DM, is the association between IS and IV with daytime activity. It has been reported that this association does not result from the mathematical model, but from the organized pattern of the high levels of daytime activity which lead to an organized circadian rhythm 45 . Moreover, with activity level functioning as an output and as an input of the circadian timing system, Van Someren et al. 45 suggested that daytime activity level is of great importance in circadian rest-active disturbances and might be one of the causes for rhythm disturbances in the Alzheimer's population. These findings may help to explain our results, in which IS showed positive association with daytime activity in the diabetic group. However, more studies are needed to determine if increasing the amplitude of the activity rhythm would result in better regulation of the sleep-wake cycle.
The decreased rhythm synchronization and increased rhythm fragmentation found in the T2DM group might be related the decreased light exposition in T2DM. Studies on the influence of light in circadian rest-activity rhythm regulation have shown that sessions of bright light during the day can increase IS and decrease IV 34 . The association between IS and daytime light exposure has also been reported (45) . Although our study did not find differences between groups in light exposure (Lux multiplied by minute) and averages of all valid light (Lux), the diabetic group was exposed to less light, and had lower values for all valid light during the active phase. It has been previously reported that ophthalmic diseases such as cataracts, diabetes retinopathy, and glaucoma might affect photic input to the circadian system 46 . Therefore, it is possible that the presence of unknown retinopathy or other ophthalmic disease may have influenced the strength of the coupling of the rhythm to this environmental zeitgeber; these finding may also be related to the routine of study participants. We recommend that futures studies perform a clinical assessment for ophthalmic disease on T2DM in order to better assess the influence of light on these circadian variables.
The association between type 2 diabetes and hypertension has been well described in the literature [47] [48] [49] . Studies have shown that approximately 75% of people with T2DM will develop hypertension 47 . Moreover, similar pathophysiology that is responsible for the development of hypertension is also present in T2DM, such as obesity, inflammation, oxidative stress, and insulin resistance; which also characterizes the metabolic syndrome 48, 49 ). Our study found that 85.7% of the diabetes group was also diagnosed with hypertension against 14.3% of healthy comparison group (p=.01). Moreover, association between hypertension and sleep disorders such as apnea, insomnia, restless leg syndrome and decreased quality of sleep has been shown [50] [51] [52] . Sleep duration is another factor previously described as associated with metabolic syndrome and T2DM 53, 54 . Results from our study found that the start and end time ( Table  2) was longer in the diabetic group, but the actual sleep time was shorter when compared to healthy individuals (320.9±66 vs. 361.82±56.9). Moreover, the WASO was higher and the % Sleep was lower (73.6% vs. 81.25%; 122.95±60.5 vs. 91.34±56.36, respectively). Although no significant difference was found between groups, these results together may further indicate the presence of sleep deprivation, fragmentation and decrease sleep efficient in T2DM group. A study by Ayas et al. 53 indicates a relationship between both short and long self-reported sleep durations and increased risk for developing diabetes; also, a study by Choi et al. 54 found that sleep duration is also associated with metabolic syndrome.
Several limitations should be considered in this study. First, this is an observational study and no causality can be assumed. Second, it should be considered that rest-activity rhythm recorded by the actigraphic method may be subject to masking effects 24 . Additionally, the observed associations between circadian variations and diabetes may be underestimated in this study due to the possible presence of metabolic syndrome on T2DM subjects. There are also limitations on data collection of light exposure using wrist actigraphy, as this method may not accurately reflect real corneal exposure and can be easily obstructed by clothing.
CONCLUSION
In summary, our results suggest that the rest-activity rhythm is disturbed in T2DM when compared to healthy individuals, and is mainly characterized by less consistency across days of the daily circadian signal, higher rhythm fragmentation, and lower rhythm amplitude. Future approaches may be developed to better investigate which mechanisms are involved in the rest-activity rhythm deregulation in T2DM, also considering the influence of meal times and circadian glucose variations throughout the day on the coupling of the rest-activity rhythm to zeitgeber and rhythm fragmentation.
